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Accumulating evidence suggests tliat neuregulin 1 (NRG1) might be involved in the 
neurodevelopment, neural plasticity, GABAergic neurotransmission, and pathogenesis 
of schizophrenia. NRG1 is abundantly expressed in the hippocampus, and emerging 
studies have begun to reveal the link between NRG1 signaling and cognitive deficits 
in schizophrenic patients. Because the transmembrane domain of NRG1 is vital for 
both forward and reverse signaling cascades, new Nrgl-deficient mice that carry a 
truncation of the transmembrane domain of the Nrgi gene were characterized and 
used in this study to test a NRGI loss-of-function hypothesis for schizophrenia. Both 
male and female Nrgi heterozygous mutant mice and their wild-type littermates were 
used in a series of 4 experiments to characterize the impact of Nrgi on behavioral 
phenotypes and to determine the importance of Nrgi in the regulation of hippocampal 
neuromorphology and local GABAergic interneurons. First, a comprehensive battery of 
behavioral tasks indicated that male Nrgl-deficient mice exhibited significant impairments 
in cognitive functions. Second, pharmacological challenges were conducted and revealed 
that Nrgi haploinsufficiency altered GABAergic activity in males. Third, although no 
genotype-specific neuromorphological alterations were found in the hippocampal CA1 
pyramidal neurons, significant reductions in the hippocampal expressions of GAD67 and 
parvalbumin were revealed in the Nrgl-deficient males. Fourth, chronic treatment with 
valproate rescued the observed behavioral deficits and hippocampal GAD67 reduction in 
Nrgl-deficient males. Collectively, these results indicate the potential therapeutic effect 
of valproate and the importance of Nrgi in the regulation of cognitive functions and 
hippocampal GABAergic interneurons, especially in males. 
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hippocampus. 



INTRODUCTION 

Schizophrenia is a costly and devastating mental disorder that 
afflicts ~1% of the worldwide population (Insel, 2010). It appears 
to be a multifactorial disorder with a strong genetic predisposi- 
tion. Accumulating evidence from human genetic studies suggests 
that multiple susceptibility genes or loci, including Neuregulin 
1 (NRGI) (Schwab and Wildenauer, 2009), might contribute 
to the pathogenesis of schizophrenia. The association between 
NRGI and schizophrenia was initially revealed in a study of 
families in Iceland (Stefansson et al, 2002), and the associa- 
tion has been further confirmed in other ethnic groups (Walker 
et al., 2010). Reduced levels of the expression of NRGI have also 
been reported in schizophrenic post-mortem tissues (Bertram 
et al, 2007; Nicodemus et al, 2009; Parlapani et al, 2010), 
which indicates that alterations in NRGI might contribute to the 
pathophysiology of schizophrenia. 



NRGI, a trophic factor, belongs to the neuregulin family of 
growth factors, whose effects are mediated via four neuregulin 
genes (NRGl-4) that bind to the ErbB (epidermal growth factor- 
like receptor) family of tyrosine kinase transmembrane receptors 
(ErbB 1-4) (Harrison and Weinberger, 2005; O'Tuathaigh et al., 
2006). As a consequence of multiple promoters and rich alter- 
native splicing, more than 30 different NRGI isoforms produced 
from a single NRGI gene have been identified to date, and these 
isoforms have been classified into at least 7 different isoform types 
(Falls, 2003; Steinthorsdottir et al, 2004; Walss-Bass et al, 2006; 
Mei and Xiong, 2008). Pro-Neuregulin 1, which contains a trans- 
membrane domain (i.e., the TMc domain, a critical motif for 
forward and reverse signaling cascades) that forms membrane- 
anchored precursors, undergoes proteolytic cleavage leading to 
mature NRGI. NRGI, as a ligand and a receptor for ErbB3 and 
ErbB4, initiates forward or reverse signaling pathways that have 
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numerous neurotrophic roles (Liu et al., 1998a,b; Bao et al., 2003; 
Falls, 2003), and NRGl is abundant in many brain regions, espe- 
cially in the hippocampus (Law et al., 2004). Numerous roles for 
NRGl in CNS development and function have been identified, 
including synapse formation, neuronal migration, axon guid- 
ance, axon myelination, synaptic plasticity, and the regulation of 
neurotransmitter expression (Harrison and Law, 2006; Mei and 
Xiong, 2008; Iwakura and Nawa, 2013). The abundant expres- 
sions of NRGl and ErbB and the interactions of these molecules 
with GABAergic (Yau et al, 2003; VuUhorst et al, 2009; Neddens 
and Buonanno, 2010), glutamatergic (Hahn et al., 2006; Li et al., 
2007), and dopaminergic neurons (Abe et al., 2009; Kato et al., 
2011) imply that these molecules have critical roles in the regu- 
lation of synaptic plasticity at excitatory and inhibitory synapses 
that might be involved in the pathogenesis of the cognitive deficits 
in schizophrenia. Indeed, a novel missense mutation (Val to Leu) 
in the TMc domain of NRGl was reported to be associated with 
schizophrenia (Walss-Bass et al, 2006), suggesting a potential 
causal mutations within this gene. 

Evidence revealing the link between Nrgl/ErbB4 and cognitive 
deficits in patients with schizophrenia has begun to accumulate 
(Hall et al, 2006; Krug et al., 2010). A number of NrgJ-related 
mutant mice have been generated to further elucidate the role 
of Nrgl in the pathogenesis of schizophrenia-related behavioral 
and cognitive deficits (O'Tuathaigh et al, 2007; Chen et al., 2008; 
Ehrhchman et al., 2009; Duffy et al, 2010; Wen et al, 2010; 
Shamir et al, 2012). For example, Nrgl heterozygous knock- 
out mice with TMc-domain truncation of exon 11 were first 
reported in 2002 (Stefansson et al., 2002) and this original TMc- 
Nrgl^l^ mutant strain has been reported to exhibit behavioral 
deficits in locomotor activity, explorative behavior, and anxiety- 
like behaviors (O'Tuathaigh et al, 2006; Boucher et al, 2007). 
Age-dependent alterations in locomotor activity and exploratory 
behavior have also been reported in these original TMc-Nrgl^l^ 
mutant mice (Karl et al., 2007). Alterations in social and cognitive 
function have also been reported in these TMc-Nrgi+/^ mutant 
mice, such as increased aggression, increased social recogni- 
tion, decreased prepulse inhibition, and impaired contextual fear 
conditioning (Stefansson et al, 2002; O'Tuathaigh et al, 2007; 
Chesworth et al, 2012; Desbonnet et al, 2012). Furthermore, 
the involvement of Nrgl in the modulation of cognitive func- 
tions has been further bolstered by in vitro electrophysiological 
studies in the hippocampus of EGF-like domain Nrgl^^^ mice 
(Bjarnadottir et al., 2007). A recent study also indicated that 
ErbB4-null parvalbumin interneuron-restricted mutant mice and 
EGF-like domain Nrgl^/^ mice exhibit increased hippocampal 
LTP (Shamir et al, 2012). These studies suggest the impor- 
tance of Nrgl in the regulation of basic behavioral functions 
and hippocampal electrophysiology, which might account for the 
alterations of cognitive functions in these mice. Although some 
interesting findings were reported, these previous behavioral 
phenotyping results appear to be somewhat inconsistent across 
these Nrgl -related mutant mice or even across variants of some 
lines of Nrgl mutant mice from one study to another. It is 
also difficult to make direct comparisons between different lines 
of mutant mice because different gene targeting strategies were 
used in different studies and because the expression levels of 



Nrgl protein in these haploinsufficient mice are not available 
due to the lack of antibodies that are capable of recogniz- 
ing the different isoforms. Besides, in the past decade, most of 
Nrgl -related mouse studies were conducted in male mice and 
only a few studies used either female mice or both male and 
female mice. Interestingly, sex-specific effects were reported. For 
example, using both male and female TMc-Nrgl^l^ mutant 
mice, it was previously found that only male mutant mice had 
impaired performance in Barnes maze (O'Tuathaigh et al, 2007) 
and only female mutant mice had reduced grooming behavior 
(O'Tuathaigh et al, 2006). It is of interest to further compare 
sex-specific effect on different behavioral tasks in Nrgl-related 
mutant mice. 

To further characterize the effects of Nrgl haploinsufficiency 
and to validate the impact of the complete truncation of the 
Nrgl TMc-domain on cognitive functioning and its behavioral 
consequences in both males and females, a novel line of TMc- 
domain Nrgl^/^ mutant mice with a truncation from exon 9 was 
obtained and used in this study. A set of four experiments was 
designed. Because sex (or sex hormones) might have differential 
effects on NRG/ErbB via glial- neuronal signaling in schizophrenic 
patients (Lacroix-Fralish et al., 2006; Wong and Weickert, 2009) 
and because sex-specific effects of Nrgl on behavioral pheno- 
types have not been well characterized in mice, both male and 
female mice were used in Experiments 1-3. In Experiment 1, 
a comprehensive battery of cognitive-related tasks (Experiment 
lA) and basic behavioral tasks (Experiment IB) was applied to 
evaluate the behavioral phenotype of the novel TMc-Nr^i+/^ 
mutant mice. Experiments 2 and 3 were conducted to facil- 
itate the interpretation of the behavioral deficits observed in 
Experiment 1. Accordingly, in Experiment 2, MK-801 (an NMDA 
receptor antagonist), methamphetamine (a potent psychostimu- 
lant that increases the amount of extracellular dopamine), and 
pentylenetetrazol (PTZ, a GABAa receptor antagonist) were used 
to induce behavioral alterations and to reveal which neuro- 
transmitters were more vulnerable in these novel TMc-Nrgl^/^ 
mutant mice. Neuromorphological and neurochemical alter- 
ations in the hippocampi of these mutant mice were further 
examined in Experiments 3A and 3B, respectively. Based on the 
findings from the first 3 experiments, an effective and useful pro- 
cedure of valproate (a GABA transaminase inhibitor) treatment 
(Guidotti et al., 2009) was used to evaluate whether rescue of the 
observed cognitive deficits in these novel TMc-Nr^i+/^ mice was 
possible. 

MATERIALS AND METHODS 
ANIMALS 

All neuregulin 1 heterozygous mutant mice [Nrgl^^^) and 
wild-type (WT) littermate mice used in this study were gen- 
erated from Nrgl^/^ breeding pairs with C57BL/6J genetic 
backgrounds (n > 10). Only Nrgl+I- mice were used because 
Nrgl homozygous embryos die due to cardiac defects around 
E10.5-E11.5 (Gassmann et al, 1995; Meyer and Birchmeier, 1995; 
Kramer et al., 1996). Nrgl^/^ mice were healthy, and basic phys- 
ical examination revealed no observable physical damage. Mice 
were weaned at 4 weeks and separated by sex. Littermates of 
the same sex were caged separately and maintained in groups 
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of 3-5 mice per cage. For behavioral testing, each mouse was 
housed individually 1 week before behavioral testing. All mice 
were housed, with food and water provided ad libitum, in indi- 
vidually ventilated polysulfone cages (Alternative design Inc., 
U.S.A.) within the animal rooms of the Psychology Department 
of National Taiwan University. All animals used in this study 
were adult mice (at least 2 months of age). They were handled 
and weighed daily for at least 1 week prior to each exper- 
iment. All behavioral and pharmacological experiments were 
conducted in the dark phase. Minimal numbers of mice were 
used to meet the 3R reduction principle of animal use. All ani- 
mal procedures were performed according to protocols approved 
by the Animal Care and Use Committee of National Taiwan 
University. Adequate measures were taken to minimize potential 
pain and discomfort that the mice used in this study may have 
experienced. 

OBTAINMENT AND VALIDATION OF THE NOVEL mc-Nrg1+'- MICE 

Given the fact that the TMc domain of NRG 1 is a critical motif for 
NRGl forward and reverse signaling cascades and that reduced 
levels of the expression of NRGl have been reported in some 
schizophrenic post-mortem tissues, the validation of this novel 
TMc-Nrgl mutant mouse strain is important and this mouse 
strain is beneficial to study the effect of TMc domain of Nrgl 
in the pathogenesis of schizophrenia-related symptoms. In com- 
plementary to other Nrgl-related mouse strains, this novel strain 
of mice is also helpful to elucidate the functional consequences 
of TMc domain ablation and the impact of Nrgl TMc-domain 
complete truncation on behavioral functions. The novel TMc- 
Nrgl mutant mice were originally generated by Lexicon Genetics 
(NIH-0932, LEXKO-1007) using pKOS-53 with LacZ/Neo cas- 
settes. Using homologous recombination, exon 9 of Nrgl, where it 
was translated into the TMc domain, were targeted and truncated 
by the LacZ/Neo cassettes. Further information about this mouse 
has been described previously (http://www.informatics.jax.org/ 
external/ko/lexicon/4608.html). A schematic diagram of the tar- 
geting strategy is depicted in Figure lA. The entire sequence 
encoding the TMc is encoded by a single exon so that the trun- 
cated exon can be referred as the TMc exon. Likely due to 
differences in exon annotations, the targeted TMc exon was pre- 
viously referred to as exon 1 1 in the original TMc-Nr^J mutant 
strain (Stefansson et al., 2002) and it was referred to as exon 9 
in our novel TMc-Nrgl mutant strain here. The expected sizes 
of the PGR products for the novel TMc-Nrgl mice are indi- 
cated in Figure lA as well. Genomic DNA isolated from the tails 
of the mice of the indicated genotypes was submitted to PGR, 
and WT and recombinant alleles were distinguished with agarose 
gel electrophoresis (Figure IB). The following primers were used 
to confirm the genotypes of the mice: 0932-8, 5'-GTCATGAAG 
GATGGGAGGTG-3'; 0932-10, 5'-GTATTAGTGAGTGGGGAAC- 
3'; and Neo3a, 5'-GGAGCGCATCGCCTTGTATG-3' (Figure 1). 
The TMc domain of Nrgl was truncated by the target vector, 
which resulted in the lack of a C-terminal on Nrgl and a resis- 
tance to proteolytic release. The deletion included the sequence 
VLTITGICIALLWGIMGWAY, which has been described previ- 
ously as the TMc domain of Nrgl (Walss-Bass et al, 2006). The 
truncated region starts with a hydrophilic part and the majority 



in this region appears to be hydrophobic (average hydrophobic- 
ity = 1.233; >1 means this region is hydrophobic) based on 
analyses with SOSUI (i.e., a classification and secondary struc- 
ture prediction system for membrane proteins) (Hirokawa et al., 
1998). The result of hydrophobicity analysis predicts that this 
region is in the very 5' region of the TMc-domain of Nrgl and it is 
translated as a hydrophobic protein structure because most of the 
amino acids in the TMc-domain are hydrophobic. The expres- 
sion of Nrgl protein in the cerebral cortex of the novel TMc- 
Nrgi+/^ mutant mice was further validated using Western blot 
with a Nrgl C-terminal antibody (Neuregulin-la/pi/2, 1:500, 
sc348, Santa Cruz Biotechnology). As indicated in Figure IC, 
compared to WT littermate controls, a significant (~37%) reduc- 
tion of Nrgl protein (~51 kDa) was found in the brains of the 
novel TMc-Nrgl+^- mice [WT: 1 ± 0.013; Nrgl+^-: 0.628 ± 
0.110; f(4) = 3.373;p = 0.027]. 

EXPERIMENT 1: EXAMINATION OF THE COGNITIVE AND BASIC 
BEHAVIORAL FUNCTIONING OF THE NOVEL TMc-/Vr£r7+/- 
MUTANT MICE 

Two cohorts of male and female adult TMc-Nr^i+/^ mice 
and their WT littermates were used in this experiment. Two 
series of experiments were conducted to examine the effects of 
Nrgl haploinsufficiency on the cognitive functions (Experiment 
lA) and the basic behaviors (Experiment IB) in these mice. 
Cognitive function-related behavioral tasks used in this experi- 
ment included the object recognition task, contextual and cued 
fear conditioning, the Morris water maze task, prepulse inhi- 
bition, and social preference and recognition task. The object 
recognition task, contextual fear conditioning, Morris water 
maze, and social recognition task are considered to be related 
to hippocampus-dependent function. Cued fear conditioning is 
considered to rely heavily upon the amygdala. Prepulse inhibi- 
tion was performed to measure sensorimotor gating function in 
these mice. Basic behaviors (Experiment IB) were evaluated with 
a battery of behavioral tasks that consisted of an open-field loco- 
motor assay, a hole board task, an elevated plus maze task, a 
sucrose preference task, and a hot plate task. Because it has been 
reported that some basic behaviors might be age-dependent in the 
original TMc-Nrgl mutant mice (Karl et al., 2007), both novel 
TMc-Nr^i+/- and WT mice were tested twice at ages close to 
2 and 6 months for basic behavioral phenotyping and clarifica- 
tion of age-dependent effects. Two cohorts of mice were used. 
The first cohort of mice (n = 12 each) was sequentially tested 
with the novel object recognition task on post-natal days 63-65 
(PND 63-65), with the fear conditioning task on PND 66-70 and 
with the Morris water maze on PND 90-1 10. The other cohort of 
mice (male = 12; female = 10) was tested with the open field task 
on PND 63 and PND 189, with the hole board task on PND 65 
and PND 191, the elevated plus maze task on PND 67 and PND 
193, the social preference and recognition task on PND 71, the 
sucrose preference task on PND 72-75 and PND 199-202, and the 
prepulse inhibition task on PND 78. The details of the behavioral 
tasks are briefly described in the Supplementary Materials. These 
behavioral tasks have been evaluated with varying degrees of test 
validities for assessing schizophrenia-relevant behavioral deficits 
in mice (Brooks and Dunnett, 2009; Lai et al., 2014). 
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FIGURE 1 I (A) Schematic diagram of the targeting strategy for the novel 
TMc-A/rg7+'" mutant mice. Upper panel, wild type (WT) Nrgl locus 
including 13 exons, shown as black boxes. The target vector, pKOS-53 with 
a LacZ/Neo cassette, was targeted to exon 9 of Nrgl by homologous 
recombination. Lower panel, primer 0932-8, primer 0932-10, and primer 
Neo3a were used to distinguish WT alleles (346 bps) from mutant alleles 
(258 bps). (B) Mouse-tail DNA was submitted to PGR analysis. N: negative 
control. (C) The expression level of Nrgl proteins in the brain of both WT 
and Nrgl^l^ mice. *P < 0.05 between two genotypes. 



EXPERIMENT 2: EVALUATION OF DRUG-INDUCED BEHAVIORAL 
ALTERATIONS IN THE NOVEL TMc-A/rg7+/- MICE 

Based on three major neurotransmitter-based hypotheses of 
schizophrenia (i.e., the dopamine, glutamate, and GABA 
hypotheses), three related drugs were selected to investigate which 
neurotransmitter system was most vulnerable to the alterations of 
behavioral performance observed in our TMc-Nrgl+l- mutant 
mice. Three cohorts of male and female TMc-Nrgl^^^ and 
WT adult (2 months of age; n = 12 each) mice were used 
in this experiment. Mice from Experiments 2A-C received an 
acute administration of MK-801 (an NMDA receptor antagonist, 
0.25mg/kg, i.p.), methamphetamine (a potent psychostimulant, 



2mg/kg, i.p.), or pentylenetetrazol (PTZ, a GABAa receptor 
antagonist, 60mg/kg, s.c). The volume of administration was 
5 ml/kg and the vehicle used in this study was saline (0.9%). The 
subsequent behaviors of these mice in a polyvinylchloride cham- 
ber (48 X 24 X 25 cm) were recorded using an Etho Vision video 
tracking system or ETHOM software (Shih and Mok, 2000). On 
the day of the measurements, the total distances traveled (cm) by 
both the male and female mice in the first cohort were recorded in 
the chamber for 60 min after the administration of saline (0.9%, 
5 ml/kg) as a baseline. Then, locomotor activity was recorded for 
two 60-min periods after the injection of MK-801. For the sec- 
ond cohort of male and female mice, total distances traveled (cm) 
were also recorded for a 60-min baseline period following the 
administration of saline and for two 60-min periods following 
methamphetamine injection. The doses of MK-801 and metham- 
phetamine were chosen to avoid stereotypic behaviors in the open 
field as described previously (Wu et al, 2005; Van Den Buuse 
et al., 2009; Chen et al, 2012, 2014). The third cohort of male 
and female mice received an injection of PTZ to induce a seizure 
response, and their behaviors were videotaped and recorded in 
the chamber for 1 h. The dose of PTZ was chosen based on previ- 
ous dose studies of C57BL/6 mice (Itoh and Watanabe, 2009). The 
severities of the seizure responses were scored blindly using the 
following previously described scale: 0, no response; 1, hypoac- 
tivity; 2, partial clonus; 3, generalized clonus; and 4, tonic-clonic 
(maximal) seizure (Ferraro et al., 1999, 2010). 

EXPERIMENTS: EXAMINATION OF THE NEUROMORPHOLOGICAL AND 
NEUROCHEMICAL ALTERATIONS IN THE HIPPOCAMPI OF THE NOVEL 
mc-Nrg1+l- MICE 

Based on the behavioral deficits observed in Experiment lA, 
Experiment 3 concentrated on examination of the neuromor- 
phological alterations of the hippocampi of mutant and WT 
mice. Based on the findings regarding the drug-induced behav- 
ioral alterations of the TMc-Nrgl^^^ mutant mice in Experiment 
2C, we further examined the expression of GABAergic mark- 
ers in the hippocampi of these mutant mice. Both male and 
female TMc-Nrgl^^^ and WT adult (2-4 months of age) mice 
were used in this experiment. Neuromorphological analyses were 
first conducted to evaluate whether the haploinsufficieny of Nrgl 
resulted in neuromorphological alterations of the pyramidal neu- 
rons of the CAl region of the hippocampus (Experiment 3A). 
Hippocampal samples from both mutant and WT mice were 
harvested after behavioral testing to examine protein expression 
using Western blot (Experiment 3B). 

Experiment 3A — neuromorphological analysis of hippocampal CAl 
pyramidal neurons 

As a follow up to the observations of hippocampal-dependent 
impairments in the novel TMc-Nrgl^^^ mutant mice, hip- 
pocampi were examined for any neuromorphological alterations 
in the mutant mice that could partially account for the behavioral 
deficits. Because pyramidal neurons of the CAl region of the hip- 
pocampus are critical for the afferent and efferent connections of 
the hippocampus, the C57BL6-rg (GFPm) driven by the Thyl 
promoter specific transgenic mouse line was selected and used 
for analyses of the neuromorphologies of GFP (green fluorescent 
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protein)-labeled CAl pyramidal neurons of the hippocampus 
{Feng et al., 2000). The expression patterns of GFP-labeled pyra- 
midal neurons in Thyl-C57BL6-rg(GFPm) transgenic mouse 
line was reported previously (Feng et al, 2000) and this mouse 
line has been successfully used to analyze neuromorphological 
alterations of pyramidal neurons in mutant mice (Lai et al., 
2006; Chen and Lai, 20 1 1 ) . Based on the hippocampus-dependent 
behavioral deficits observed in the novel TMc-Nrgi+^^mutant 
mice, additional male and female subjects generated from our 
TMc-Nrgl+^^ breeding pairs with C57BL6-Tg (GFPm) back- 
grounds were used in this experiment. Adult mice were anes- 
thetized and transcardially perfused with PBS followed by 4% 
paraformaldehyde in PBS. Fixed brains were sectioned coronally 
using a vibratome. A series of 150-[i,m coronal sections were col- 
lected and mounted on slides for scanning. Confocal microscopy 
stack images of GFP-labeled neurons were obtained at intervals 
of 0.4 (Jim using 20 x, 40 x -oil, and 63 x -oil objectives from a 
Leica TCS SP5 confocal microsystem (Leica, Taipei, Taiwan). The 
Neurolucida software (MicroBrightField Incorporated, Williston, 
VT, USA) was used to trace and reconstruct the neurons in 3 
dimensions. GFP labeling was nearly exclusively restricted to the 
cell bodies and dendritic trees of CAl pyramidal neurons of both 
mutant mice and their littermate controls. Using Neurolucida 
software, morphometric analyses of the GFP-labeled pyramidal 
neurons (between Bregma —1.46 and —2.80 mm) of the TMc- 
mice and WT littermate controls were performed (total 
« ^ 4 each group) to reveal the neuromorphological differences 
between genotypes. The following 14 morphological variables 
were chosen based on previous studies (Lai et al., 2006; Chen 
and Lai, 2011): (1) soma size (cell soma sizes were obtained by 
outlining cell somas and automatically calculating the pixel areas 
in (Jim^); (2) the distance to apical bifurcation (base of the api- 
cal tuft) measured from the cell body to the major branch point 
of the apical dendrite; (3) the number of branches on the apical 
branches; (4) the number of apical tips; (5) the total length of 
the apical tuft, which was taken as the sum of the lengths of the 
apical stem and the branches that formed the tuft; (6) the apical 
dendritic field area (AD FA), which measures the area of the den- 
dritic field of a neuron and is calculated as the area enclosed by 
a polygon that joins the most distal points of the dendritic pro- 
cesses (convex area); (7) the branch angles of the primary apical 
dendrites (from the distal end of apical bifurcation); (8) the num- 
ber of primary basal dendrites (not including apical dendrites and 
axons); (9) the total length of the primary basal dendrites; ( 10) the 
number of branches from the basal branches; (11) the number of 
basal tips; (12) the total length of the basal dendrites; (13) the 
basal dendritic field area (BDFA), which measures the area of the 
dendritic field of a neuron and is calculated as the area enclosed 
by a polygon that joins the most distal points of the dendritic 
processes (convex area); and (14) ShoU analysis of basal dendritic 
complexity. 

Experiment 3B — examination oftlie expression of GABAergic 
marlcers in tlie liippocampi oftlie novel TIVIc-Nrg1'^^~ mice 

After finishing behavioral testing for cognitive functions in 
Experiment lA, some mice from Experiment lA were randomly 
selected and used to examine the expression of hippocampal 



GABAergic markers in this experiment. Hippocampi from both 
WT and TMc-Nrgl^^^ male [n = 7 each) and female (« = 6 
each) adult mice (3-4 months of age) were quickly dissected, 
frozen in liquid nitrogen, and stored at — 80°C. Tissue samples 
were homogenized in lysis buffer containing 25 mM Tris (pH 8.0), 
125 mM NaCl, Protease Inhibitor Cocktail tablets (Roche, Taipei, 
Taiwan) and Phosphatase Inhibitor Cocktail 1 (P2850, Sigma- 
Aldrich, St. Louis, MO, USA) and then centrifuged at 12,500 rpm 
(14324 g) at 4°C for 15 min. The supernatant was then collected. 
The protein concentrations of the supernatants were measured 
with the Bradford protein assay (Bio-Rad Laboratories, Tokyo, 
Japan) and spectrometry at 620 nm. The same amount of protein 
was separated by 4-10% sodium dodecyl sulfate/polyacrylamide 
gel electrophoresis (SDS/PAGE) and transferred onto a nitro- 
cellulose membrane (Millipore, Billerica, MA, USA). Ponceau 
S staining of the membrane was used to ensure successful 
transfer. Subsequently, the membranes were washed in Tris- 
buffered saline containing 0.1% Tween-20 (TBST) and blocked 
in 5% (w/v) skim milk for 1 h at 25°C. The membrane was 
then incubated in a 5% (w/v) skim milk solution with the 
appropriate primary antibody overnight at 4°C. The blots were 
probed with the following antibodies: GAD67 ( 1 :5000, MAB5406, 
Millipore), calretinin (1:2000, AB5054, Millipore), parvalbumin 
(1:2000, P3088, Sigma-Aldrich), and GAPDH (1:5000, #2118, 
Cell Signaling Technology, Inc., Danvers, MA, USA). Immune 
complexes were visualized using the appropriate peroxidase- 
conjugated secondary antibodies (Cell Signaling Technology). 
Bound antibody was detected using an enhanced chemilumi- 
nescence (ECL) kit (Millipore), and densitometric analysis was 
performed using Image J (a Java-based image processing program 
developed at the National Institutes of Health). 

EXPERIMENT 4: EVALUATION OF THE EFFECT OF VALPROATE ON THE 
RESCUE OF COGNITIVE DEFICITS IN THE NOVEL TMc-A/rjr/+/- MALE 
MICE 

Valproate, a GABAergic anti-epileptic drug and a potential phar- 
macoepigenetic agent, has been reported to facilitate GABAergic- 
promoter demethylation, to inhibit histone deacetylase via 
chromatin remodeling, and to enhance the expression of GABA- 
related genes (Guidotti et al, 2009, 2011). To evaluate rescue of 
the observed behavioral deficits that resulted from GABAergic 
alternation in young adult (3-4 months of age) TMc-Nrgl^l^ 
male mice, valproate (VPA, 1.5mmol/kg, s.c.) or vehicle (0.9% 
saline, 10 ml/kg) was injected into male TMc-Nrgl^/^&nd WT 
mice twice daily for 17 days (WT/saline: n = 6; WT/VPA: w = 7; 
Nr^i+/" /saline: m = 8; Nrgl+!- IWPA: n = 8). Based on the find- 
ings from Experiment lA, two behavioral tasks were selected to 
evaluate the drug's efficacy in rescuing hippocampal function in 
the mutant mice. The object recognition task was conducted on 
day 16. Fear conditioning training was conducted on day 16, and 
contextual/cued tests of fear conditioning were conducted on day 
17. Prior to behavioral testing, each subject was left untreated for 
at least 12 h to exclude any acute effects of daily valproate injec- 
tion. The behavioral procedures were nearly identical to those 
described for Experiment lA, with the exception that the cued 
fear conditioning tests were conducted 1 h, rather than 1 day, 
after contextual fear conditioning to reduce the number of testing 
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days. One day after last behavioral testing (on day 18), whole 
hippocampi from these mice were dissected and processed for 
Western blotting using GAD67 antibody as described previously 
in Experiment 3B. 

STATISTICAL ANALYSIS 

All data are presented as the mean ± standard error of the mean 
(SEM). Statistical analyses were performed using SPSS 13.0 (SPSS 
Inc., Chicago, IL, USA), and the data were analyzed with One- or 
Two-Way ANOVAs or two-sample Student's t-tests, where appro- 
priate. Post-hoc analyses were performed using Fisher's LSD tests 
when the F-values revealed significant differences. A priori f-tests 
(with Bonferroni adjustments when needed) were conducted to 
compare genotype-dependent differences and to examine spe- 
cific hypotheses. P values of < 0.05 were considered statistically 
significant. 

RESULTS 

EXPERIMENT 1: THE NOVEL TMc-Nrg1+'- MICE HAVE NORMAL BASIC 
BEHAVIORAL FUNCTIONING AND IMPAIRMENTS IN HIPPOCAMPAL- 
DEPENDENT COGNITIVE FUNCTIONS 
Experiment 1A — examination of cognitive-related function 

A total of five behavioral tasks were conducted in this experi- 
ment. In the object recognition task, a Two-Way ANOVA revealed 
a significant interaction of genotype and sex [_F(i^ 29) = 7.222, 
p = 0.012] on the time spent investigating a novel object. As 
depicted in Figures 2A,B, further statistical analyses reveal a 
significant simple main effect of genotype for the males (p = 
0.011) but not the females (p = 0.309). Because we intended 
to examine the sex-specific effects of Nrgl in mice and also 
because we found a sex difference, the following data analyses 
were carried out independently for each sex. During fear con- 
ditioning, the freezing responses of male TMc-Nrgl^^^ mice in 
both contextual [t(22) = — 2.622, p = 0.016; Figure 2C] and 
cued [t(22) = —2.487, p = 0.021; Figure 2E] fear conditioning 
were significantly reduced compared to WT controls. In con- 
trast, no significant differences due to genotype were found for 
the female mice (both p > 0.05; Figures 2D,F). In the Morris 
water maze, no significant differences due to genotype were 
found for either the male or female mice during the learn- 
ing phase (both p > 0.05) or the probe phase (both p > 0.05), 
as depicted in Figures 2G,H- Regarding sensorimotor gating 
functions, no genotype-dependent differences were present in 
either the males (p > 0.05; Figure 21) or the females (p > 0.05; 
Figure 2J). No genotype-dependent differences were found in 
their startle response and startle habituation as well. In the social 
preference and social recognition tasks, no significant genotype- 
dependent differences were found in either the males (p > 0.05; 
Figure 2K) or the females (p > 0.05; Figure 2L). 

Experiment IB — basic behavioral phenotyping 

The basic functioning of the novel TMc-Nrgl^^^ mice was fur- 
ther examined using a battery of behavioral tasks. As illustrated 
in Table 1, relative to the WT mice, both 2-month-old male and 
female TMc-Nrgl'^^^ mice displayed normal behavioral profiles 
across a series of basic behavioral tasks that included the open 
field, hole board, elevated plus maze, 2% sucrose preference, and 



hot plate tasks (all ps > 0.05). Because age-dependent effects have 
been previously reported for some Nrgl mutant mice, these mice 
were examined again with the same battery of behavioral tasks at 
6 months of age. Again, no genotype-dependent differences were 
found in either the males or females (Table 1). 

EXPERIMENT 2: EVALUATION OF DRUG-INDUCED BEHAVIORAL 
ALTERATIONS IN THE NOVEL TMc-Wrffr+/- MICE 

Three cohorts of male and female TMc-Nrgl^^^ and WT 
adult mice were used to evaluate MK-801-, methamphetamine-, 
and PTZ-induced behavioral alterations in Experiments 2A-C, 
respectively. In Experiment 2A, a significant MK-801 treatment 
effect was found in both males [-F(2, u) = 15.505, p < 0.001] 
and females [f(2, 44) = 5.188, p = 0.009]. But no significant 
genotype-dependent differences were found in either the 60- 
min baseline activity or MK-801 -induced hyperlocomotion in 
either the male (Figure 3A) or female mice (Figure 3B). Similarly, 
in Experiment 2B, a significant methamphetamine treatment 
effect was found in both males [-F(2, 44) = 59.680, p < 0.001] 
and females [_F(2_ 44) = 126.353, p < 0.001]. But no significant 
genotype-dependent differences were found in either the 60-min 
baseline activity or methamphetamine-induced hyperlocomotion 
in either the male (Figure 3C) or female mice (Figure 3D). In 
contrast to the results of Experiments 2A and 2B, the severi- 
ties of PTZ-induced seizures were significantly greater in male 
TMc-Nrgl+/~ mice [^22) = -2.288, p = 0.032; Figure 3E] but 
not in female TMc-Nrgl'^^^ mutant mice compared their respec- 
tive WT controls. This genotype-dependent deficit of the males is 
further illustrated in Figure 3F, which shows the distributions of 
PTZ-induced seizure scores (Figure 3F). 

EXPERIMENT 3: EXAMINATION OF NEUROMORPHOLOGICAL AND 
NEUROCHEMICAL ALTERATIONS IN THE HIPPOCAMPI OF THE 
NOVEL TMc-/Vrg7+/- MICE 
Experiment 3A — neuromorphological analysis 

Based on the cognitive deficits observed in Experiment lA, the 
neuronal architectures of the GFP-labeled CAl pyramidal neu- 
rons in the hippocampus were examined. The neuromorphologi- 
cal results are summarized in Table 2. Neither the male nor the 
female mice exhibited any significant genotype-dependent dif- 
ferences in GFP-labeled pyramidal neurons in the CAl region 
of hippocampus in any of the morphological variables that we 
examined. 

Experiment 3B — examination oftbe expression of GABAergic 
marl<ers in tbe bippocampus 

The protein expression levels of GAD67, parvalbumin (PV), 
and calretinin were examined in the hippocampi of both male 
and female mice. Representative images of protein expres- 
sions are shown in Figures 4A,B. Compared to WT controls, 
a significant reduction of GAD67 expression was found in 
our TMc-Nrgi+/" males [t^x2) = 2.245, p = 0.044; Figure 4C] 
but not in females (Figure 4D). Regarding calretinin, no 
genotype-dependent differences were found in either males or 
females (Figures 4E,F). Regarding parvalbumin, TMc-Nrgl^/^ 
males displayed a significant reduction of parvalbumin expression 
[t(io) = 2.253, p = 0.048; Figure 4G] compared to WT controls. 



Frontiers in Beiiavioral Neuroscience 



www.frontiersin.org 



April 2014 I Volume 8 | Article 126 | 6 



Pei et al. 



Schizophrenia-related phenotypes in TMc-Wrg7+/ mice 



Male 



1" 

o 

J 60 

Ui 

I 

& 30 



i 0 



t 



X 



I 



Old Novel 



C 50 
g40 

at 30 
I 20 
10 




E 80 

g 60 

I ^ 
£ 20- 



11 



pre-CS 



CS 



a> 

J« 50 
o 40- 



a 10 

2 




12345678 



■Day 




78dB 



82dB 



90dB 



K 100-1 



lirltQl 



Female 



tJ 90-1 



□ WT 
■ Nrg1 



+/- 



a 
c 

•a 



Old Novel 



D 50-1 
^40 



3 20 
10 




F 80 

S! 

40 
£ 20 
0 



pre-CS CS 



■ — 60 
o 

01 

-!£- 50 

O 40 

Q. 30 
O 

& 20 

£ 10 

.3 „ 




-o- WT 
♦ Nrgl*'- 



1 2345678 



■Day 



J 80i 

60 JL T 

'km 



78dB 



82dB 



90dB 



L 100-1 



£ 

S. 

Q. 



m 



Social Social 
preference recognition 

FIGURE 2 I The cognitive functions (mean -t- s.e.m.) of both male 
and female TMc-Nrg1+/~ mutant mice (blacic bars) and their 
wild-type littermate controls (WT, white bars) were evaluated in the 
Experiment 1 of this study. (A,B) In the object recognition task, a 
reduction in investigation time (s) of the novel object was observed in 
male, but not female, TMc-Wr97+''" mice. (C,D) In the contextual fear 
conditioning task, a reduction in freezing time percentage was observed 
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in male, but not female, TMc-Wrg?"*"/" mice. (E,F) In the cued fear 
conditioning task, a reduction in freezing time percentage (%) was 
found in male, but not female, TMc-Wrg?'*'/" mice. In contrast, no 
significant genotype-dependent differences were found in the Morris 
water maze, prepulse inhibition task, or the social task in either males 
(G,I,K) or females (H,J,L), respectively. Dash lines indicate chance level. 
*P < 0.05 between two genotypes. 
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whereas the females did not exhibit this reduction (Figure 4H). 
The sex-specific reductions of hippocampal GAD67 and parval- 
bumin expression found in the TMc-Nrgl^^^ males of this exper- 
iment might be responsible for the observed cognitive deficits of 
these mice. 

EXPERIMENT 4: EVALUATION OF THE EFFECT OF VALPROATE ON THE 
RESCUE OF COGNITIVE DEFICITS IN THE NOVEL TMc-A/r£rr+/- MALE 
MICE 

Based on the findings of Experiments lA, 2, and 3B, chronic 
administration of valproate was used to evaluate the effects of val- 
proate on the rescue of the cognitive deficits that were observed 
in the male TMc-Nrgl^^^ mice. As reported in Experiment 
lA, significant genotype-dependent reductions in behavioral per- 
formance on the object recognition task [t(i2) = 2.351, p = 
0.037; Figure 5A], the contextual fear conditioning task [t(i2) = 
2.556, p = 0.025; Figure 5B], and the cued fear conditioning 
task [f(i2) = 2.469, p = 0.029; Figure 5C] were found in the 
male TMc-Nrgi+^^mice that received chronic saline injections. 
In contrast, after chronic injections of valproate, male TMc- 
mice did not display any significant deficits in these tasks 
compared to WT control males (all p > 0.05; Figures 5A-C). 
For the expression of GAD67 in the hippocampus, a significant 
genotype-dependent reduction (~26%) of GAD67 was found in 
mice that received chronic saline treatment [f(io) = 2.651; p = 
0.024; Figure 5D] . In contrast, no significant reduction was found 
in the TMc-Nrgl^^^ male mice that received chronic valproate 
injections compared to their WT controls. 

DISCUSSION 

The use of genetically modified mice that carry a truncated TMc 
domain-Nrgi gene as an experimental tool offers an alterna- 
tive model with which to mimic a NRGl deficiency in some 
schizophrenic patients and to test a NRGl loss-of-fimction 
hypothesis for schizophrenia. In complementary to the origi- 
nal TMc-Nrgl mutant strain and other mutant strains, the impact 
of TMc exon ablation can be studied in both sexes using this novel 
TMc-Nrgl^ mouse strain and its functional consequences can 
be compared with findings in other Nrgl -related mouse strains. 
A significant reduction of Nrgl proteins was also confirmed in 
the brain of this novel mutant strain. This novel TMc-NrgJ+/^ 
mouse strain provides a feasible model for the characterization 
of the roles of the TMc domain of Nrgl in basic behaviors and 
cognitive functions. In Experiment 1, we found that both male 
and female TMc-Nrgl^^^ mice displayed normal profiles of basic 
behaviors but were impaired in cognition-related functions. In 
Experiment 2, we found that, compared to WT controls, the injec- 
tion of PTZ induced significant behavioral alterations in male 
(but not female) TMc-NrgJ+^^mice, whereas the other two drugs 
we tested had no effect. In Experiment 3, neuromorphological 
analyses failed to reveal any Nrgl genotype-dependent effects on 
the neuronal architecture of the GFP-labeled CAl pyramidal neu- 
rons in the hippocampi of either male or female mice. However, 
reductions of GAD67 and parvalbumin expression were found in 
the hippocampi of male TMc-Nrgl^^^ mice, and females did not 
exhibit these reductions. In Experiment 4, the chronic adminis- 
tration of valproate successfully rescued the observed cognitive 
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FIGURE 3 I Drug-induced behavioral alterations (mean -|- s.e.m.) in the 
novel TfAc-l\lrg1'^/~ mice (black bars) and their wild-type controls (WT, 
white bars) (n = 12 each group) of this study. (A,B) Total travel distances 
for the two groups of male and female mice during the 1-h saline baseline 
and the 1 st and 2nd 1-h periods after the injection of MK-801 (0.25 mg/kg, 
i.p.). (C,D) Total travel distances (mean + s.e.m.) for the two groups of male 



and female mice during the 1-h saline baseline and during the 1st and 2nd 1-h 
periods after the injection of methamphetamine (MA, 2 mg/kg i.p.). (E) PTZ 
(60 mg/kg, s.c.)-induced seizure severity scores [from 0 (no response) to 4 
(maximal seizure)] for both male and female mice. (F) Distributions of 
PTZ-induced seizure severity scores for male mice (%). *P < 0.05 between 
two genotypes. 



deficits of male TMc-Nrgl^^^ mice and hippocampal GAD67 
expression. 

To the best of our knowledge, this study is the first to charac- 
terize behavioral phenotypes of this novel TMc-NrgJ+''^ mutant 
strain. We also illustrated and verified that the truncated region 
had a hydrophobic protein structure that was located in the TMc 
of Nrgl. In complementary to those existing Nrgl-related mutant 
mouse strains, this novel mouse strain used in this study can be 
referred as a novel TMc-Nrgl mutant strain. Our behavioral phe- 
notyping data indicated that the truncation of the TMc domain 
in our TMc-Nrgl mutant mice affected some cognitive func- 
tions but apparently did not have any effect on basic behaviors. 
The basic behavioral data reported in the present study, along 
with data regarding the basic behavioral phenotypes that have 



been reported for different lines of JVr^i -related mutant mice, are 
summarized in Table 3. There are several inconsistencies in this 
dataset; for example, PPI deficits have been observed in studies of 
type III Nrgl mutant mice (Chen et al, 2008), ErbB4 mutant mice 
(Shamir et al, 2012), ErbB2/4 mutant mice (Barros et al, 2009), 
and NRGl-overexpressing transgenic mice (Deakin et al., 2009; 
Kato et al., 2010), and in some (but not all) studies of the orig- 
inal TMc-Nrgl mutant mice (Stefansson et al, 2002; Desbonnet 
et al. , 20 1 2 ) . These original TMc-JVr^i mutant mice have been 
widely used in recent years. It is of great interest to compare the 
behavioral phenotypes of these original TMc-Nrgl mutant mice 
with those of our novel TMc-Nr^i mutant mice. As indicated in 
Table 3, the behavioral phenotypes of the original TMc-Nr^i+/^ 
mutant mice seem to vary somewhat across studies. Generally, 
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Table 2 | Neuromorphological analyses (mean ± s.e.m.) of GFP-labeled pyramidal neurons in the hippocampi of male and female TMc-NrgI'''/ 
(/VrgT"*"/') mice and their wild-type (WT) littermate controls. 



Male Female 







WT 




WT 


Nrgt-'- 


Soma size (jim'^) 




92.090 ±4.974 


86.850 ± 5.725 


86.270 ±4.278 


80.190±6.040 


Distance to apical biturcation (iim) 




241 .100± 55.430 


265.200 ±66.730 


257. 100± 57.750 


249.200±65.130 


Number of branches of apical branches 




19.000±2.781 


18.170 ± 1 .249 


19.880±2.356 


19.500± 1 .268 


Number of apical tips 




20.000 ±2.781 


18.830± 1 .138 


20.630±2.412 


20.380 ± 1 .322 


Total length of the apical tuft ((im) 




3009.000 ±397.700 


2621 .000 ± 465.900 


2973. 000±370. 100 


2593.000 ±348.000 


Apical dendritic field area (ADFA) (x 1000 [jim^) 




11 .100± 1 .644 


9.512±2.588 


10.850 ± 1 .493 


9.532 ± 1 .980 


Branch angle of primary apical dendrites (°) 




49.270 ±4.899 


68.800± 13.010 


69.650 ± 11 .360 


48.420 ±7.560 


Number of primary basal dendrites 




3.444 ± 0.242 


3.900±0.315 


3.286 ±0.360 


3.400±0.221 


The total length of primary basal dendrites ([jLm) 




79.310± 16.820 


87.610± 13.460 


95.000 ±30.090 


69.120± 13.810 


Number of branches of basal branches 




20.110± 1 .989 


19.400 ±0.957 


22.430 ± 1 .757 


21 .900 ± 1 .980 


Number of basal tips 




22.780 ± 1 .722 


23.000 ± 1 .000 


25.000 ± 1 .464 


24.900 ± 1 .894 


The total length of basal dendrites (^.m) 




3301 .000 ±293.600 


3001 .000 ±294.600 


3590. 000 ± 317.500 


3179.000 ± 429.300 


Basal dendritic field area (BDFA) (x 1000 (xm^) 




10.230 ± 1 .309 


8.047 ± 1 .077 


10.690 ± 1 .284 


10.720 ± 1 .893 


Sholl analysis of basal dendritic complexity 












Distance to soma ([xm) 


10 


0.444 ± 0.342 


1 .900 ± 0.795 


0.429 ±0.578 


1 .300± 0.297 




20 


4.222 ±0.946 


4.800±0.712 


3.571 ±0.563 


4.500 ±0.429 




30 


5.333 ±1.108 


7.100±1.016 


5.429 ±0.674 


7.100±0.841 




40 


7. 333 ±1.308 


9.900 ±1.394 


10.140±0.702 


9.600 ±0.829 




50 


10.110±0.955 


12.400± 1.376 


12.290±0.605 


11. 900 ±0.680 




60 


12. 000± 1.065 


13.200± 1.083 


13.570±0.359 


13.200±0.841 




70 


13.110±0.872 


14.500±0.860 


15.860±0.716 


14.300 ±0.857 




80 


14.110±1.138 


15.800±0.554 


17. 000± 1.024 


14.600±0.951 




90 


15. 000± 1.065 


16.400 ±0.806 


16.570± 1.016 


15.100±0.896 




100 


14.780 ±1.265 


15.800 ±0.827 


16.570± 1.083 


15.200 ±1.088 




>100 


9.127±0.632 


8.756 ±0.725 


9.108± 1.076 


8.335 ±0.509 



this line of mutant mice has been reported to exhibit behavioral 
deficits in some behavioral tasks, such as the PPI, social recog- 
nition, and open field tasks (Stefansson et al., 2002; O'Tuathaigh 
et al, 2006, 2007; Boucher et al., 2007; Karl et al., 2007; Van Den 
Buuse et al., 2009; Chesworth et al., 2012; Desbonnet et al, 2012). 
However, our novel TMc-Nrgi^^^ mutant mice did not exhibit 
any significant impairment in these behavioral tasks. We also 
found no age-dependent effects in our novel TMc-Nrgl mutant 
mice after examination at 2 and 6 months of age; this result is 
similar to reports that the age of onset is not associated with 
the NRGl genotype in patients with schizophrenia (Kampman 
et al., 2004; Voineskos et al, 2009). In contrast, Karl et al. reported 
that the original TMc-Nrgl^l^ mutant mice do not display age- 
dependent hyperlocomotion until the age of 4.5 months (Karl 
et al., 2007), but these mice have been found to exhibit hyper- 
locomotion at 3 month of age in other studies (Van Den Buuse 
et al., 2009). Different targeting strategies were used to gener- 
ate our new TMc-Nrgl mutant mice and the original TMc-Nrgi 
mutant mice. But as we described previously, it is possible that 
both TMc-Nrgl mutant mouse strains are targeting the same TMc 
exon due to differences in exon annotation. To further verify this 
possibility, we conducted a nucleotide BLAST search using our 
primer set and the forward primer sequence reported previously 
(Liu et al., 1998a; Lai et al, 2010). Based on the location of the 
forward primer and the size of PGR product, we found that the 



forward primer used for the original TMc-Nrgl mutant mice 
located ~951 bps upstream of the forward primer used for our 
new TMc-Nrgl mutant mice, suggesting both TMc-Nrgl mutant 
mouse strains are targeting the same exon. However, it should 
be noted that different targeting strategies can result in different 
biological functions. As far as we can tell from previous litera- 
tures (Liu et al, 1998a; Lai et al, 2010), the original TMc-Nrgl 
mutant strain was designed to generate most soluble forms of 
Nrgl by replacing the TMc exon with a mini-exon that intro- 
duces stop codons right upstream of the TMc. In contrast, our 
new TMc-Nrgl mutant mice have no such added stop codons and 
are more likely to result in complete functional knockout of all 
Nrgl isoforms except for those that naturally terminate before the 
TMc (such as SMDF). In addition to biological difference, above- 
mentioned discrepancy could be due to different experimental 
designs, different experimental procedures (Van Den Buuse et al, 
2009; Karl et al., 2011), age differences, or genetic background 
differences. As indicated in Table 3, differences in gene targeting 
strategy and the truncation of different domains or exon loca- 
tion in Nrgl gene appear to have differential effects on behavioral 
performance. 

A sex-specific effect of Nrgl on cognitive function was found 
in Experiment 1 of this study. Our male TMc-Nrgl^l^ mutant 
mice exhibited behavioral deficits in the novel object recog- 
nition task, contextual fear conditioning task, and cued fear 
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FIGURE 4 I Tlie neurocliemical analysis of tlie expression of GABAergic 
marl<ers in tiie liippocampi of tlie novel TIVIc-/Vrg7'''/~mutant mice 
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by Western blot. (A,B) Representative Western blots of hippocampal 
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H 
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(12kDa), and GAPDH (37kDa) from males and females. (C-H) 
Quantification of the data revealed reductions in GAD67 and parvalbumin 
expression levels in the hippocampi of male (C,E,G), but not female 
(D,F,H), TMc-A/rg7+'"mice. Data are presented as the mean + s.e.m. 
*P < 0.05 between two genotypes. 



conditioning task, whereas females did not display these impair- 
ments. As indicated in Table 3, many Nr^i -related studies have 
only been conducted on male mice. Interestingly, either haploin- 
sufficiency of Nrgl or overexpression of Nrgl (Deakin et al, 
2009, 2012; Kato et al., 2010) in mice can result in some types 
of cognitive deficits, which implies a possible U-shaped relation- 
ship between Nrgl expression and cognitive function, which has 
been reported for the COMT gene (Honea et al., 2009). Few stud- 
ies have examined female mice, and these studies have reported 



that the original TMc-Nrgl^^^ mutant female mice exhibit 
hyperlocomotion, altered social recognition, and impaired con- 
textual and cued fear conditioning (O'Tuathaigh et al, 2006, 
2007; Chesworth et al, 2012). In contrast, both male and female 
TMc-Nrgi+/^ mutants and their WT littermates were exam- 
ined in this study. The basic and cognitive functions of our 
novel TMc-Nrgl^^^ mutant female mice seemed to be largely 
unaffected when compared to their female WT controls. The 
sex-specific alterations of cognitive function observed in our 
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FIGURE 5 I The effect of chronic valproate treatment on the rescue of 
cognitive deficits in male wild-type (WT, white bars) and TMc-NrgT^/' 
mutant (black bars) mice. Three cognitive tasks, including (A) an object 
recognition task, (B) a contextual fear conditioning task, and (C) a cued fear 
conditioning task, were conducted. Either valproate (1.5 mmol/kg, s.c.) or 0.9% 



saline was injected twice a day for 17 days. The object recognition task was 
conducted on day 16, and the contextual/cued tests of fear conditioning were 
performed on day 1 7. (D) The expression of GAD67 in the hippocampus of both 
WTand TMc-A/rg7+/" mice after chronic injections of either saline or valproate. 
Data are presented as the mean + s.e.m. *P < 0.05 between two genotypes. 



male TMc-Nr^J+^^mutant mice are somewhat consistent with 
the gender-specific differences in patients with schizophrenia 
(Kulkarni et al., 2012). This finding also suggests a potential inter- 
action between NRGl/ErbB signaling and sex hormones (e.g., 
estrogen) in the regulation of schizophrenia-related cognitive 
deficits; a similar interaction has been described in human stud- 
ies (Wong and Weickert, 2009; Agim et al, 2013). Examination 
of the protective effects of estrogen (i.e., the estrogen protection 
hypothesis of schizophrenia) in our TMc-Nrgl mutant mice is 
warranted. 

In Experiment 2, based upon major neurotransmitter-based 
hypothesis of schizophrenia, 3 related drugs were chosen to 
evaluate drug-induced behavioral alterations in our novel TMc- 
JVr^i+/^ mutant mice. Our behavioral data revealed a sex-specific 
effect of PTZ (but not MK-801 or methamphetamine) on PTZ- 
induced responses in male TMc-NrgJ+^^mutant mice. It has 
been reported that Nrgl interacts with NMDA receptors through 
Fyn kinase and Pyk2 (proline-rich tyrosine kinase 2) and that 
attenuated Nrgl signaling affects the phosphorylation of NR2B 
receptors in Nr^i+^^mutant mice with either TMc-domain 
truncation or EGF-like domain truncation (Bjarnadottir et al., 



2007). Moreover, subchronic injections of MK-801 (0.2mg/kg, 
s.c.) disrupt sociability and social novelty preference in the 
original TMc-Nrgi+/^ mutant mice (O'Tuathaigh et al., 2010). 
However, compared with WT controls, different doses of MK- 
801 (0.01, 0.05, 0.25mg/kg, i.p.) did not affect MK-801 -induced 
hyperlocomotion in the original TMc-Nrgl^^^ mutant mice 
(Van Den Buuse et al., 2009), which is consistent with our cur- 
rent findings in the new TMc-Nr^i+''^mutant mice. Additionally, 
no significant differences were found in [^H]MK-801 and 
[^H]kainate binding levels with Nrgl status in the brains of the 
original TMc-Nrgl'^^^ mutant mice using in situ radioligand 
binding (Dean et al., 2008). Glutamate and GABA concentrations 
in the brains of these original TMc-Nrgl'^ mutant mice also 
did not differ from those of WT mice (O'Tuathaigh et al., 2010). 
In contrast, alteration of GABAergic neurons is considered as one 
of the most reliable abnormalities found in post-mortem analyses 
of the schizophrenic brain (Lewis et al., 2005). Accumulating evi- 
dence emerging from human genetic studies suggests the involve- 
ment of GABA-A receptor subunit genes in schizophrenia (Lewis 
et al, 2003) and the genetic link between GAD67 and early-onset 
schizophrenia (Addington et al., 2005). Dysfunction of cerebral 
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cortex (especially PFC) and hippocampus in schizophrenia is also 
thought to include alteration in GABAergic, inhibitory neuro- 
transmission (Guidotti et al., 2005; Lewis et al., 2005). Although 
PTZ is usually considered as a convulsant drug and has less face 
validity to schizophrenia compared to MK-801 and metham- 
phetamine, the well-established PTZ-induced responses appear 
to be a useful index for evaluating the vulnerability of GABAergic 
system in mutant mice with reasonable construct validity and pre- 
dictive validity. Our data suggest that the GABA transmission of 
our male TMc-Nrgl^^^ mutant mice was affected to a greater 
extent than glutamatergic and dopaminergic transmission. The 
truncation of different loci of Nrgl might have differential effects 
compared to other Nrgl-related mutant mice. 

Furthermore, because both Nrgl and ErbB4 are highly abun- 
dant in the hippocampus (Corfas et al., 1995; Law et al., 2004; 
Vullhorst et al., 2009) and also because some hippocampus- 
dependent cognitive deficits were observed in Experiment 1, 
we examined GFP-labeled CAl pyramidal neurons to eluci- 
date any neuromorphological alterations of excitatory neurons 
in the hippocampus. This study might be the first to analyze 
morphometric alterations of CAl pyramidal neurons in TMc- 
related Nrgl^^^ mutant mice. However, no significant genotype- 
dependent neuromorphological alterations were found in either 
the males or females in any of the morphological variables we 
examined, suggesting that the neuromorphology and function 
of these hippocampal excitatory units may be intact in our 
TMc-Nr^i+/^ mutant mice. Our current results suggest that the 
GABAergic system is affected to a greater extent than either 
the glutamatergic or dopaminergic systems in the brains of our 
mutant mice, especially the males. It has been proposed that 
NRGl has both forward and reverse functions in ErbB/NRGl 
signaling. The forward signaling via ErbBs promotes the forma- 
tion of the excitatory and inhibitory synapses of interneurons. 
The reverse signaling is ErbBs-independent; Nrgl is cleaved by 
gamma-secretase to release the intracellular domain (NRGl- 
ICD), which is important for the development of cortical pyrami- 
dal neurons (Chen et al., 2008, 2010; Fazzari et al., 2010; Pedrique 
and Fazzari, 2010). Although more work needs to be performed 
to elucidate the role of NRGl-ICD in the hippocampus, our cur- 
rent data suggest that the deficiency of TMc domain might have a 
minor impact on reverse signaling that alters the neuromorphol- 
ogy of CAl pyramidal neurons, whereas this haploinsufficiency 
might have a major impact on the development and neuroplas- 
ticity of interneuron that is mediated through forward signaling; 
these suppositions are also supported by the PTZ-induced behav- 
ioral alterations we observed in our mutant mice. 

Additionally, further evidence arose from Experiment 3B, in 
which we found sex-specific reductions on GAD67 and par- 
valbumin expression in the hippocampi of our 
mutant mice. Indeed, it has been reported that Nrgl and ErbB4 
signaling controls the development of inhibitory circuitries in 
the mammalian cerebral cortex through GABAergic interneu- 
rons (Barros et al., 2009; Vullhorst et al, 2009; Pedrique and 
Fazzari, 2010; Wen et al., 2010; Cahill et aL, 2012) and that Nrgl 
treatment has a synaptogenic effect, which is possibly mediated by 
the stabilization of PSD-95 on GABAergic interneurons, but not 
glutamatergic neurons (Ting et al., 2011). A genetic association 



between ErbB4 and human cortical GABA levels has also been 
reported (Marenco et al., 201 1). Besides, exogenous NRGl down- 
regulated the expression of GABAa receptors in hippocampal 
CAl pyramidal neurons (Okada and Corfas, 2004). Our find- 
ings from Experiment 3B are concordant with these findings and 
indicate the importance of Nrgl in the regulation of GAD67 and 
parvalbumin expression in the hippocampus. Thus, haploinsuffi- 
ciency of Nrgl resulted in reductions in hippocampal GAD67 and 
parvalbumin expression, which may have caused alterations in 
the inhibitory interneuron networks by desynchronizing gamma 
oscillations [as has been proposed previously (Gonzalez-Burgos 
and Lewis, 2008; Del Pino et al., 2013)] and caused the cogni- 
tive impairments we observed in male Nrgl mutant mice. This 
mechanism may contribute to the pathogenesis of some cognitive 
deficits in some patients with schizophrenia and Nrgl alterations. 

The effect of valproate on the rescue of the cognitive deficits 
observed in our male TMc-Nrgl mutant mice should be of 
great interest to researchers. Valproate is a pharmacoepige- 
nomic agent that has epigenetic effects on the modification 
of GABAergic interneurons (Csoka and Szyf, 2009). Valproate 
has been reported to ameliorate cognitive impairments in adult 
mice via demethylation of GABAergic-promotors (Tremolizzo 
et al, 2002, 2005; Matrisciano et al, 2013), inhibition of his- 
tone deacetylases (Phiel et al., 2001), and enhancement of central 
GABAergic tone that is mediated through an inhibition of GABA- 
transaminase (Johannessen, 2000). The reciprocal interaction 
between defects of NRGl and hypermethylation of GABAergic 
promotors remains unclear. Our findings indicate that deficien- 
cies of Nrgl resulted in reductions of hippocampal GAD67 
and parvalbumin expression, which might affect hippocampus- 
related cognitive functions. Interestingly, protracted treatment 
with valproate ameliorated observed cognitive deficits and the 
reduction of hippocampal GAD67 expression in our male TMc- 
Nrgl mutant mice. It has also been reported that protracted 
valproate treatment increased GAD67 mRNA expression in 
the brain, which likely facilitated GABAergic neurotransmission 
(Loscher, 1999; Tremolizzo et al., 2002, 2005). Notably, in terms 
of the pharmacokinetics of valproate, the dose we used has been 
shown to be comparable to the effective concentrations (0.15- 
0.30 mmol/kg) of valproate that are administered to psychiatric 
patients (Tremolizzo et al, 2005). Accordingly, the observed cog- 
nitive deficits that resulted from the haploinsufficiency of Nrgl 
and the reduction of GABAergic transmission in our male TMc- 
Nrgl mutant mice were likely to be ameliorated by the upregula- 
tion of the GABAergic system due to chronic valproate injections. 
It is of interest to confirm hippocampal GAD67 and parvalbu- 
min expressions in a new batch of valproate-treated Nrgl mutant 
mice that did not receive any behavioral testing and further exam- 
ine its epigenetic effect. Although the underlying mechanisms 
require further investigation, our data suggest that valproate has 
great potential for improving cognitive deficits in patients with 
schizophrenia, especially males with NRGl haploinsufficiency. 
Further studies are greatly needed. 

ACKNOWLEDGMENTS 

This research was supported by grant numbers 102-2420-H-002- 
008-MY2 and 102-2628-H-002-003-MY3 to Wen-Sung Lai from 



Frontiers in Behavioral Neuroscience 



www.frontlersin.org 



April 2014 I Volume 8 | Article 126 | 17 



Pei et al. 



Schizophrenia-related phenotypes in TMc-Nrg7+' mice 



the Ministry of Science and Technology in Taiwan, grant numbers 
101-042 and 102-053 from National Taiwan University Hospital, 
and grant support from the Drunken Moon Lake Integrated 
Scientific Research Platform and Aim for Top University Project 
at National Taiwan University. We thank Dr. Hai-Gwo Hwu, Dr. 
Keng-Chen Liang, and Dr. Chih-Cheng Chen for their generous 
help and support. We also thank all members at the Laboratory of 
Integrated Neuroscience and Ethology (LINE) in the Department 
of Psychology, National Taiwan University for their assistance and 
contributions. 

SUPPLEMENTARY MATERIAL 

The Supplementary Material for this article can be found 
online at: http://www.frontiersin.org/journal/10.3389/fnbeh. 
2014.00126/abstract 

REFERENCES 

Abe, Y., Namba, H., Zheng, Y., and Nawa, H. (2009). In situ hybridization reveals 
developmental regulation of ErbBl-4 mRNA expression in mouse midbrain: 
implication of ErbB receptors for dopaminergic neurons. Neuroscience 161, 
95-110. doi: 10.1016/j.neuroscience.2009.03.022 

Addington, A. M., Gornick, M., Duckworth, J., Sporn, A., Gogtay, N., Bobb, 
A., et al. (2005). GADl (2q31.1), which encodes glutamic acid decarboxylase 
{GAD67), is associated with childhood-onset schizophrenia and cortical gray 
matter volume loss. Mol. Psychiatry 10, 581-588. doi: 10.1038/sj.mp.4001599 

Agim, Z. S., Esendal, M., Briollais, L., Uyan, O., Meschian, M., Martinez, L. A., et al. 
(2013). Discovery, validation and characterization of Erbb4 and Nrgl haplo- 
types using data from three genome-wide association studies of schizophrenia. 
PLoS ON£8:e53042. doi: 10.1371/journal.pone.0053042 

Bao, J., Wolpowitz, D., Role, L. W., and Talmage, D. A. (2003). Back signal- 
ing by the Nrg-1 intracellular domain. /. Cell Biol. 161, 1133-1141. doi: 
10.1083/jcb.200212085 

Barros, C. S., Calabrese, B., Chamero, P., Roberts, A. J., Korzus, E., Lloyd, K., 
et al. (2009). Impaired maturation of dendritic spines without disorgani- 
zation of cortical cell layers in mice lacking NRG 1 /ErbB signaling in the 
central nervous system. Proc. Natl. Acad. Sci. U.S.A. 106, 4507-4512. doi: 
I0.1073/pnas.0900355106 

Bertram, I., Bernstein, H. G., Lendeckel, U., Bukowska, A., Dobrowolny, H., 
Keilhoff, G., et al. (2007). Immunohistochemical evidence for impaired 
neuregulin-1 signaling in the prefrontal cortex in schizophrenia and in unipolar 
depression. Ann. N.Y.Acad. Sci. 1096, 147-156. doi: 10.1196/annals.l397.080 

Bjarnadottir, M., Misner, D. L., Haverfield- Gross, S., Bruun, S., Helgason, V. 
G., Stefansson, H., et al. (2007). Neuregulinl (NRGl) signaling through 
Fyn modulates NMDA receptor phosphorylation: differential synaptic func- 
tion in NRGl"^^" knock-outs compared with wild-type mice. /. Neurosci. 27, 
4519-4529. doi: 10.1523/JNEUROSCI.4314-06.2007 

Boucher, A. A., Arnold, J. C., Duffy, L., Schofield, R R., Micheau, J., and 
Karl, T. (2007). Heterozygous neuregulin 1 mice are more sensitive to the 
behavioural effects of Delta9-tetrahydrocannabinol. Psychopharmacology (Berl.) 
192, 325-336. doi: 10.1007/s00213-007-0721-3 

Brooks, S. R, and Dunnett, S. B. (2009). Tests to assess motor phenotype in mice: a 
user's guide. Nat. Rev. Neurosci. 10, 519-529. doi:10.1038/nrn2652 

Cahill, M. E., Jones, K. A., Rafalovich, I., Xie, Z., Barros, C. S., Muller, 
U., et al. (2012). Control of interneuron dendritic growth through 
NRGl/erbB4-mediated kahrin-7 disinhibition. Mol. Psychiatry 17, 99-107. doi: 
10.1038/mp.2011.35 

Chen, Y, Hancock, M. L., Role, L. W., and Talmage, D. A. (2010). Intramembranous 
valine linked to schizophrenia is required for neuregulin 1 regulation of the 
morphological development of cortical neurons./. Neurosci. 30, 9199-9208. doi: 
10.1523/JNEUROSCI.0605-10.2010 

Chen, Y. C, Chen, Y. W., Hsu, Y E, Chang, W. T., Hsiao, C. K., Min, M. 
Y., et al. (2012). Aktl deficiency modulates reward learning and reward 
prediction error in mice. Genes Brain Behav. 11, 157-169. doi: 10.1111/j.l601- 
183X.201 1.00759.x 

Chen, Y. J., Johnson, M. A., Lieberman, M. D., Goodchild, R. E., Schobel, 
S., Lewandowski, N., et al. (2008). Type III neuregulin-1 is required for 



normal sensorimotor gating, memory- related behaviors, and corticostriatal cir- 
cuit components. /. Neurosci. 28, 6872-6883. doi: 10.1523/JNEUROSCI.1815- 
08.2008 

Chen, Y. W., Kao, H. Y, Min, M. Y, and Lai, W. S. (2014). A sex- and 
region-specific role of Aktl in the modulation of methamphetamine- induced 
hyperlocomotion and striatal neuronal activity: implications in schizophrenia 
and methamphetamine-induced psychosis. Schizophr. Bull. 40, 388-398. doi: 
10.1093/schbul/sbt031 

Chen, Y. W., and Lai, W. S. (2011). Behavioral phenotyping of v-akt murine thy- 
moma viral oncogene homolog 1 -deficient mice reveals a sex-specific prepulse 
inhibition deficit in females that can be partially alleviated by glycogen synthase 
kinase-3 inhibitors but not by antipsychotics. Neuroscience 174, 178-189. doi: 
10.1016/j.neuroscience.2010.09.056 

Chesworth, R., Downey, L., Logge, W., Killcross, S., and Karl, T. (2012). Cognition 
in female transmembrane domain neuregulin 1 mutant mice. Behav. Brain Res. 
226, 218-223. doi: 10.1016/j.bbr.2011.09.019 

Corfas, G., Rosen, K. M., Aratake, H., Krauss, R., and Eischbach, G. D. (1995). 
Differential expression of ARIA isoforms in the rat brain. Neuron 14, 103-115. 
doi: 10.1016/0896-6273(95)90244-9 

Csoka, A. B., and Szyf, M. (2009). Epigenetic side-effects of common pharmaceu- 
ticals: a potential new field in medicine and pharmacology. Med. Hypotheses 73, 
770-780. doi: 10.1016/j.mehy2008.10.039 

Deakin, 1. H., Law, A. J., Oliver, R L., Schwab, M. H., Nave, K. A., 
Harrison, P. J., et al. (2009). Behavioural characterization of neuregulin 
1 type I overexpressing transgenic mice. Neuroreport 20, 1523-1528. doi: 
10.1097/WNR.0b013e328330f6e7 

Deakin, I. H., Nissen, W., Law, A. J., Lane, T, Kanso, R., Schwab, M. H., et al. (2012). 
Transgenic overexpression of the type I isoform of neuregulin 1 affects working 
memory and hippocampal oscillations but not long-term potentiation. Cereh. 
Cortex 22, 1520-1529. doi: 10.1093/cercor/bhr223 

Dean, B., Karl, T., Pavey, G., Boer, S., Duffy, L., and Scarr, E. (2008). Increased 
levels of serotonin 2A receptors and serotonin transporter in the CNS of 
neuregulin 1 hypomorphic/mutant mice. Schizophr. Res. 99, 341-349. doi: 
10.1016/j.schres.2007.10.013 

Del Pino, I., Garcia-Frigola, C, Dehorter, N., Brotons-Mas, J. R., Alvarez- Sal vado, 
E., Martinez De Lagran, M., et al. (2013). Erbb4 deletion from fast-spiking 
interneurons causes schizophrenia -like phenotypes. Neuron 79, 1 152-1 168. doi: 
10.1016/j.neuron.2013.07.010 

Desbonnet, L., O'Tuathaigh, C, Clarke, G., O'Leary, C, Petit, E., Clarke, N., et al. 
(2012). Phenotypic effects of repeated psychosocial stress during adolescence 
in mice mutant for the schizophrenia risk gene neuregulin-1: a putative model 
of gene x environment interaction. Brain Behav. Immun. 26, 660-671. doi: 
10.1016/j.bbi.2012.02.010 

Duffy, L., Cappas, E., Lai, D., Boucher, A. A., and Karl, T. (2010). Cognition in 
transmembrane domain neuregulin 1 mutant mice. Neuroscience 170, 800-807. 
doi: 10.1016/j.neuroscience.2010.07.042 

Duff^, L., Cappas, E., Scimone, A., Schofield, P R., and Karl, T. (2008). Behavioral 
profile of a heterozygous mutant mouse model for EGF-like domain neuregulin 
\. Behav. Neurosci. 122, 748-759. doi: 10.1037/0735-7044.122.4.748 

Ehrlichman, R. S., Luminals, S. N., White, S. L., Rudnick, N. D., Ma, N., Dow, H. C, 
et al. (2009). Neuregulin 1 transgenic mice display reduced mismatch negativity, 
contextual fear conditioning and social interactions. Brain Res. 1294, 116-127. 
doi: 10.1016/j.brainres.2009.07.065 

Falls, D. L. (2003). Neuregulins: functions, forms, and signaling strategies. Exp. Cell 
Res. 284, 14-30. doi: 10.1016/S0014-4827(02)00102-7 

Fazzari, R, Paternain, A. V., Valiente, M., Pla, R., Lujan, R., Lloyd, K., et al. (2010). 
Control of cortical GABA circuitry development by Nrgl and ErbB4 signalling. 
Nature464:, 1376-1380. doi: 10.1038/nature08928 

Feng, G., Mellor, R. H., Bernstein, M., Keller-Peck, C, Nguyen, Q. T, Wallace, M., 
et al. (2000). Imaging neuronal subsets in transgenic mice expressing multi- 
ple spectral variants of GFP Neuron 28, 41-51. doi: 10.1016/50896-6273(00) 
00084-2 

Ferraro, T N., Golden, G. T, Smith, G. G., St. Jean, P, Schork, N. J., Mulholland, N., 
et al. (1999). Mapping loci for pentylenetetrazol-induced seizure susceptibility 
in mice. /. Neurosci. 19, 6733-6739. 

Ferraro, T N., Smith, G. G., Schwebel, C. L., Doyle, G. A., Ruiz, S. E., Oleynick, J. 
U., et al. (2010). Confirmation of multiple seizure susceptibility QTLs on chro- 
mosome 15 in C57BL/6J and DBA/2J inbred mice. Physiol. Genomics 42A, 1-7. 
doi: 10.1152/physiolgenomics.00096.2010 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



April 2014 | Volume 8 | Article 126 | 18 



Pei et al. 



Schizophrenia-related phenotypes in TMc-Wrg7+/ mice 



Gassmann, M., Casagranda, F., Orioli, D., Simon, H., Lai, C, Klein, R., et al. (1995). 
Aberrant neural and cardiac development in mice lacking the ErbB4 neuregulin 
receptor. Nature 378, 390-394. doi: 10.1038/378390aO 

Golub, M. S., Germann, S. L., and Lloyd, K. C. (2004). Behavioral characteristics 
of a nervous system-specific erbB4 knock-out mouse. Behav. Brain Res. 153, 
159-170. doi: 10.1016/j.bbr.2003.11.010 

Gonzalez-Burgos, G., and Lewis, D. A. (2008). GABA neurons and the mechanisms 
of network oscillations: implications for understanding cortical dysfunction in 
schizophrenia. Schizophr. Bull. 34, 944-961. doi: 10.1093/schbul/sbn070 

Guidotti, A., Auta, Chen, Y., Davis, J. M., Dong, E., Gavin, D. P., et al. 
(2011). Epigenetic GABAergic targets in schizophrenia and bipolar disorder. 
Neuropharmacology 60, 1007-1016. doi: 10.1016/j.neuropharm.2010.10.021 

Guidotti, A., Auta, 1., Davis, ). M., Dong, E., Grayson, D. R., Veldic, iVI., et al. (2005). 
GABAergic dysfunction in schizophrenia: new treatment strategies on the hori- 
zon. Psychopharmacology (Berl.) 180, 191-205. doi: 10.1007/s00213-005-2212-8 

Guidotti, A., Dong, E., Kundakovic, M., Satta, R., Grayson, D. R., and Costa, 
E. (2009). Characterization of the action of antipsychotic subtypes on 
valproate-induced chromatin remodeling. Trends Pharmacol. Sci. 30, 55-60. doi: 
10.1016/j.tips.2008.10.010 

Hahn, C. G., Wang, H. Y., Cho, D. S., Talbot, K., Gur, R. E., Berrettini, W. H., et al. 
(2006). Altered neuregulin l-erbB4 signaling contributes to NMDA receptor 
hypofunction in schizophrenia. Nat. Med. 12, 824-828. doi: 10.1038/nml418 

Hall, J., Whalley, H. C, Job, D. E., Baig, B. J., Mcintosh, A. M., Evans, K. L., et al. 
(2006). A neuregulin 1 variant associated with abnormal cortical function and 
psychotic symptoms. Nat. Neurosci. 9, 1477-1478. doi: 10.1038/iml795 

Harrison, P. J., and Law, A. J. (2006). Neuregulin 1 and schizophrenia: genet- 
ics, gene expression, and neurobiology. Biol. Psychiatry 60, 132-140. doi: 
10.1016/j.biopsych.2005. 11.002 

Harrison, P. )., and Weinberger, D. R. (2005). Schizophrenia genes, gene expression, 
and neuropathology: on the matter of their convergence. Mol. Psychiatry 10, 
40-68; image 45. doi: 10.1038/sj.mp.4001558 

Hirokawa, T., Boon-Chieng, S., and Mitaku, S. (1998). SOSUI: classification and 
secondary structure prediction system for membrane proteins. Bioinformatics 
14, 378-379. doi: 10.1093/bioinformatics/14.4.378 

Honea, R., Verchinski, B. A., Pezawas, L., Kolachana, B. S., Calhcott, J. H., JVIattay, 
V. S., et al. (2009). Impact of interacting functional variants in COMT on 
regional gray matter volume in human brain. Neuroimage 45, 44—51. doi: 
10.1016/j.neuroimage.2008.10.064 

Insel, T. R. (2010). Rethinking schizophrenia. Nature 468, 187-193. doi: 
10.1038/nature09552 

Itoh, K., and Watanabe, M. (2009). Paradoxical facilitation of pentylenetetrazole- 
induced convulsion susceptibility in mice lacking neuronal nitric oxide syn- 
thase. Neuroscience 159, 735-743. doi: 10.1016/j.neuroscience.2008.12.040 

Iwakura, Y., and Nawa, H. (2013). ErbBl-4-dependent EGF/neuregulin signals 
and their cross talk in the central nervous system: pathological implica- 
tions in schizophrenia and Parkinson's disease. Front. Cell. Neurosci. 7:4. doi: 
10.3389/fnceL2013.00004 

Johannessen, C. U. (2000). iVIechanisms of action of valproate: a commentatory. 
Neurochem. Int. 37, 103-110. doi: 10.1016/30197-0186(00)00013-9 

Kampman, O., Anttila, S., llh. A., Saarela, M., Rontu, R., Mattila, K. M., et al. 
(2004). Neuregulin genotype and medication response in Finnish patients with 
schizophrenia. Neuroreport 15, 2517-2520. doi: 10.1097/00001756-200411150- 
00017 

Karl, T., Burne, T. H., Van Den Buuse, M., and Chesworth, R. (2011). Do trans- 
membrane domain neuregulin 1 mutant mice exhibit a reliable sensorimotor 
gating deficit? Behav. Brain Res. 223, 336-341. doi: 10.1016/j.bbr.201 1.04.051 

Karl, T., Duffy, L., Scimone, A., Harvey, R. R, and Schofield, R R. (2007). Altered 
motor activity, exploration and arrxiety in heterozygous neuregulin 1 mutant 
mice: implications for understanding schizophrenia. Genes Brain Behav. 6, 
677-687. doi: 10.1111/j.l601-183X2006.00298.x 

Kato, T., Abe, Y., Sotoyama, H., Kakita, A., Kominami, R., Hirokawa, S., 
et al. (2011). Transient exposure of neonatal mice to neuregulin-l results in 
hyperdopaminergic states in adulthood: implication in neurodevelopmental 
hypothesis for schizophrenia. Mol. Psychiatry 16, 307-320. doi: 10.1038/mp. 
2010.10 

Kato, T., Kasai, A., Mizuno, M., Fengyi, L., Shintani, N., Maeda, S., et al. (2010). 
Phenotypic characterization of transgenic mice overexpressing neuregulin-l. 
PLoS ONE 5:el4185. doi: 10.1371/journal.pone.0014185 



Kramer, R., Bucay, N., Kane, D. J., Martin, L. E., Tarpley, J. E., and Theill, L. E. 
(1996). Neuregulins with an Ig-like domain are essential for mouse myocar- 
dial and neuronal development. Proc. Natl. Acad. Sci. U.S.A. 93, 4833^838. doi: 
10.1073/pnas.93.10.4833 

Krug, A., Markov, V., Krach, S., Jansen, A., Zerres, K., Eggermann, T., et al. (2010). 
The effect of Neuregulin 1 on neural correlates of episodic memory encoding 
and retrieval. Neuroimage 53, 985-991. doi: 10.1016/j.neuroimage.2009.12.062 

Kulkarni, J., Hayes, E., and Gavrilidis, E. (2012). Hormones and schizophrenia. 
Curr Opin. Psychiatry 25, 89-95. doi: 10.1097/YCO.0b013e328350360e 

Lacroix-Fralish, M. L., Tawfik, V. L., Nutile-McMenemy, N., Harris, B. T., and 
Deleo, 1. A. (2006). Differential regulation of neuregulin 1 expression by 
progesterone in astrocytes and neurons. Neuron Glia Biol. 2, 227—234. doi: 
10.1017/S1740925X07000385 

Lai, D., Liu, X. E, Forrai, A., Wolstein, O., Michahcek, J., Ahmed, I., et al. 
(2010). Neuregulin 1 sustains the gene regulatory network in both tra- 
becular and nontrabecular myocardium. Circ. Res. 107, 715-U774. doi: 
10.1 161/Circresaha.l 10.218693 

Lai, W. S., Chang, C. Y, Wong, W. R., Pei, J. C, Chen, Y. S., and Hung, W. L. 
(2014). Assessing schizophrenia-relevant cognitive and social deficits in mice: a 
selection of mouse behavioral tasks and potential therapeutic compounds. CMrr. 
Pharm. Des. doi: 10.2174/1381612819666140110122750. [Epub ahead of print] . 

Lai, W. S., Xu, B., Westphal, K. G., Paterlini, M., Olivier, B., Pavlidis, R, et al. (2006). 
Aktl deficiency affects neuronal morphology and predisposes to abnormalities 
in prefi-ontal cortex functioning. Proc. JVflri. Acad. Sci. U.S.A. 103, 16906-16911. 
doi: 10.1073/pnas.0604994103 

Law, A. J., Shannon Weickert, C, Hyde, T. M., Kleinman, J. E., and Harrison, P. J. 
(2004). Neuregulin-l (NRG-1) mRNA and protein in the adult human brain. 
Neuroscience 127, 125-136. doi: 10.1016/j.neuroscience.2004.04.026 

Lewis, C. M., Levinson, D. R, Wise, L. H., Delisi, L. E., Straub, R. E., Hovatta, L, 
et al. (2003). Genome scan meta-analysis of schizophrenia and bipolar disorder, 
part II: schizophrenia. Am. J. Hum. Genet. 73, 34-48. doi: 10.1086/376549 

Lewis, D. A., Hashimoto, T., and Volk, D. W. (2005). Cortical inhibitory neurons 
and schizophrenia. Nat. Rev. Neurosci. 6, 312-324. doi: 10.1038/nrnl648 

Li, B., Woo, R. S., Mei, L., and Mahnow, R. (2007). The neuregulin-l receptor erbB4 
controls glutamatergic synapse maturation and plasticity. Neuron 54, 583—597. 
doi: 10.1016/j.neuron.2007.03.028 

Liu, X., Hwang, H., Cao, L., Buckland, M., Cunningham, A., Chen, J., et al. (1998a). 
Domain-specific gene disruption reveals critical regulation of neuregulin sig- 
naling by its cytoplasmic tail. Proc. Natl. Acad. Sci. U.S.A. 95, 13024-13029. doi: 
10.1073/pnas.95.22.13024 

Liu, X., Hwang, H., Cao, L., Wen, D., Liu, N., Graham, R. M., et al. (1998b). Release 
of the neuregulin functional polypeptide requires its cytoplasmic tail. /. Biol. 
Chem. 273, 34335-34340. doi: 10.1074/jbc.273.51.34335 

Loscher, W. (1999). Valproate: a reappraisal of its pharmacodynamic properties 
and mechanisms of action. Prog. Neurobiol. 58, 31-59. doi: 10.1016/S0301- 
0082(98)00075-6 

Marenco, S., Geramita, M., Van Der Veen, J. W., Barnett, A. S., Kolachana, B., Shen, 
J., et al. (2011). Genetic association of ErbB4 and human cortical GABA levels 
in vivo. J. Neurosci. 31, 11628-11632. doi: 10.1523/INEUROSCl. 1529-11.2011 

Matrisciano, F, Tueting, R, Dalai, I., Kadriu, B., Grayson, D. R., Davis, J. M., 
et al. (2013). Epigenetic modifications of GABAergic interneurons are associ- 
ated with the schizophrenia-like phenotype induced by prenatal stress in mice. 
Neuropharmacology 6S, 184-194. doi: 10.1016/j.neuropharm.2012.04.013 

Mei, L., and Xiong, W. C. (2008). Neuregulin 1 in neural development, 
synaptic plasticity and schizophrenia. Nat Rev. Neurosci. 9, 437-452. doi: 
10.1038/nrn2392 

Meyer, D., and Birchmeier, C. (1995). Multiple essential functions of neureguhn in 
development. Nature 378, 386-390. doi: 10.1038/378386a0 

Michailov, G. V., Sereda, M. W., Brinkmann, B. G., Fischer, T. M., Haug, B., 
Birchmeier, C, et al. (2004). Axonal neuregulin-l regulates myelin sheath 
thickness. Science 304, 700-703. doi: 10. 1126/science. 1095862 

Neddens, J., and Buonanno, A. (2010). Selective populations of hippocampal 
interneurons express ErbB4 and their number and distribution is altered in 
ErbB4 knockout mice. Hippocampus 20, 724-744. doi: 10.1002/hipo.20675 

Nicodemus, K. K., Law, A. J., Luna, A., Vakkalanka, R., Straub, R. E., Kleinman, 
J. E., et al. (2009). A 5' promoter region SNP in NRGl is associated with 
schizophrenia risk and type III isoform expression. Mol. Psychiatry 14, 741—743. 
doi: 10.1038/mp.2008.150 



Frontiers in Beliavioral Neuroscience 



www.frontiersin.org 



April 2014 I Volume 8 | Article 126 | 19 



Pei et al. 



Schizophrenia-related phenotypes in TMc-Wrg7+/ nnice 



Okada, M., and Corfas, G. (2004). Neuregulinl downregulates postsynaptic 
GABAA receptors at the hippocampal inhibitory synapse. Hippocampus 14, 
337-344. doi: 10.1002/hipo.l0185 

O'Tuathaigh, C. M., Babovic, D., O'Sullivan, G. J., Clifford, J. J., Tighe, O., Croke, 
D. T., et al. (2007). Phenotypic characterization of spatial cognition and social 
behavior in mice with "knockout" of the schizophrenia risk gene neuregulin 1. 
Neuroscience 147, 18-27. doi: 10.1016/j.neuroscience.2007.03.051 

O'Tuathaigh, C. M., Harte, M., O'Leary, C, O'Sullivan, G. J., Blau, C, Lai, D., et al. 
(2010). Schizophrenia-related endophenotypes in heterozygous neuregulin- 
1 "knockout" mice. Eur. J. Neurosci. 31, 349-358. doi: 10.1111/j.l460- 
9568.2009.07069.x 

O'Tuathaigh, C. M., O'Connor, A. M., O'Sullivan, G. J., Lai, D., Harvey, R., 
Croke, D. T., et al. (2008). Disruption to social dyadic interactions but not 
emotional/anxiety-related behaviour in mice with heterozygous "knockout" of 
the schizophrenia risk gene neuregulin- 1. Prog. Neuropsychopharmacol. Biol. 
Psychiatry il, 462-466. doi: 10.1016/j.pnpbp.2007.09.018 

O'Tuathaigh, C. M., O'Sullivan, G. J., Kinsella, A., Harvey, R. R, Tighe, O., Croke, D. 
T, et al. (2006). Sexually dimorphic changes in the exploratory and habituation 
profiles of heterozygous neuregulin-1 knockout mice. Neuroreport 17, 79-83. 
doi: 10.1097/01.wm.0000192738.31029.0a 

Parlapani, E., Schmitt, A., Wirths, O., Bauer, M., Sommer, C, Rueb, U., et al. 
(2010). Gene expression of neuregulin-1 isoforms in different brain regions 
of elderly schizophrenia patients. World J. Biol. Psychiatry 11, 243-250. doi: 
10.3109/15622970802022376 

Pedrique, S. P., and Fazzari, P. (2010). Nrgl reverse signaling in cortical pyra- 
midal neurons. /. Neurosci. 30, 15005-15006. doi: 10.1523/JNEUROSCI.4669- 
10.2010 

Phiel, C. J., Zhang, E, Huang, E. Y., Guenther, M. G., Lazar, M. A., and Klein, R S. 
(2001). Histone deacetylase is a direct target of valproic acid, a potent anticon- 
vulsant, mood stabilizer, and teratogen. /. Biol. Chem. 276, 36734-36741. doi: 
10.1074/jbc.M101287200 

Rimer, M., Barrett, D. W., Maldonado, M. A., Vock, V. M., and Gonzalez-Lima, 
F. (2005). Neuregulin-1 immunoglobulin-like domain mutant mice: clozap- 
ine sensitivity and impaired latent inhibition. Neuroreport 16, 271-275. doi: 
10.1097/00001756-200502280-00014 

Schwab, S. G., and WUdenauer, D. B. (2009). Update on key previously proposed 
candidate genes for schizophrenia. Cwrr. Opin. Psychiatry 22, 147-153. doi: 
10.1097/YCO.0b013e328325a598 

Shamir, A., Kwon, O. B., Karavanova, I., Vullhorst, D., Leiva-Salcedo, E., Janssen, 
M. J., et al. (2012). The importance of the NRG-l/ErbB4 pathway for synaptic 
plasticity and behaviors associated with psychiatric disorders. /. Neurosci. 32, 
2988-2997. doi: 10.1523/JNEUROSCI.1899-11.2012 

Shih, H. T, and Mok, H. K. (2000). ETHOM: event-recording computer software 
for the study of animal behavior. Acta Zool. Taiwan. 1 1 , 47-6 1 . 

Stefansson, H., Sigurdsson, E., Steinthorsdottir, V., Bjornsdottir, S., Sigmundsson, 
T, Ghosh, S., et al. (2002). Neuregulin 1 and susceptibility to schizophrenia. 
Am. }. Hum. Genet. 71, 877-892. doi: 10.1086/342734 

Steinthorsdottir, V., Stefansson, H., Ghosh, S., Birgisdottir, B., Bjornsdottir, S., 
Fasquel, A. C, et al. (2004). Multiple novel transcription initiation sites for 
NRGl. Gene 342, 97-105. doi: 10.1016/j.gene.2004.07.029 

Ting, A. K., Chen, Y., Wen, L., Yin, D. M., Shen, C, Tao, Y, et al. (201 1). NeureguUn 
1 promotes excitatory synapse development and function in GABAergic 
interneurons. /. Neurosci. 31, 15-25. doi: 10.1523/jneurosci.2538-10.2011 

Tremolizzo, L., Carboni, G., Ruzicka, W. B., Mitchell, C. P., Sugaya, I., Tueting, P., 
et al. (2002). An epigenetic mouse model for molecular and behavioral neu- 
ropathologies related to schizophrenia vulnerability. Proc. Natl. Acad. Sci. U.S.A. 
99, 17095-17100. doi: 10.1073/pnas.262658999 



TremoUzzo, L., Doueiri, M. S., Dong, E., Grayson, D. R., Davis, J., Pinna, G., et al. 

(2005) . Valproate corrects the schizophrenia-like epigenetic behavioral mod- 
ifications induced by methionine in mice. Biol. Psychiatry 57, 500-509. doi: 
10.1016/i.biopsych.2004.11.046 

Van Den Buuse, M., Wischhof, L., Lee, R. X., Martin, S., and Karl, T. (2009). 
Neuregulin 1 hypomorphic mutant mice: enhanced baseline locomotor activ- 
ity but normal psychotropic drug-induced hyperlocomotion and prepulse 
inhibition regulation. Int. J. Neuropsychopharmacol. 12, 1383-1393. doi: 
10.1017/S1461145709000388 

Voineskos, D., De Luca, V., Macgregor, S., Likhodi, O., Miller, L., Voineskos, A. N., 
et al. (2009). Neuregulin 1 and age of onset in the major psychoses. /. Neural 
Transm. 116, 479-486. doi: 10.1007/s00702-008-0182-9 

Vullhorst, D., Neddens, J., Karavanova, L, Tricoire, L., Petralia, R. S., McBain, C. 
J., et al. (2009). Selective expression of ErbB4 in interneurons, but not pyra- 
midal cells, of the rodent hippocampus. /. Neurosci. 29, 12255-12264. doi: 
10.1523/JNEUROSCI.2454-09.2009 

Walker, R. M., Christoforou, A., Thomson, P. A., McGhee, K. A., Maclean, A., 
Muhleisen, T. W., et al. (2010). Association analysis of Neuregulin 1 candidate 
regions in schizophrenia and bipolar disorder. Neurosci. Lett. 478, 9-13. doi: 
10.1016/j.neulet.2010.04.056 

Walss-Bass, C, Liu, W., Lew, D. P., VUlegas, R., Montero, P., Dassori, A., et al. 

(2006) . A novel missense mutation in the transmembrane domain of neureg- 
ulin 1 is associated with schizophrenia. Biol. Psychiatry 60, 548-553. doi: 
10.1016/j.biopsych.2006.03.017 

Wen, L., Lu, Y S., Zhu, X. H., Li, X. M., Woo, R. S., Chen, Y. J., et al. (2010). 
Neuregulin 1 regulates pyramidal neuron activity via ErbB4 in parvalbumin- 
positive interneurons. Proc. Natl. Acad. Sci. U.S.A. 107, 1211—1216. doi: 
10.1073/pnas.0910302107 

Wong, J., and Weickert, C. S. (2009). Transcriptional interaction of an estro- 
gen receptor splice variant and ErbB4 suggests convergence in gene sus- 
ceptibility pathways in schizophrenia. /. Biol. Chem. 284, 18824—18832. doi: 
10.1074/jbc.M109.013243 

Wu, J., Zou, H., Strong, J. A., Yu, J., Zhou, X., Xie, Q., et al. (2005). 
Bimodal effects of MK-801 on locomotion and stereotypy in C57BL/6 mice. 
Psychopharmacology 177, 256-263. doi: 10.1007/s00213-004-1944-l 

Yau, H. J., Wang, H. E, Lai, C, and Liu, E C. (2003). Neural development of the 
neuregulin receptor ErbB4 in the cerebral cortex and the hippocampus: pref- 
erential expression by interneurons tangentially migrating from the gangUonic 
eminences. Cereb. Cortex 13, 252-264. doi: 10.1093/cercor/13. 3.252 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 13 December 2013; accepted: 26 March 2014; published online: 14 April 

2014. 

Citation: Pei ]-C, Liu C-M and Lai W-S (2014) Distinct phenotypes of new 
transmemhrane-domain neuregulin 1 mutant mice and the rescue effects of valproate 
on the observed schizophrenia-related cognitive deficits. Front. Behav. Neurosci. 8:126. 
doi: 10.3389/fnbeh.2014.00126 

This article was submitted to the journal Frontiers in Behavioral Neuroscience. 
Copyright © 2014 Pei, Liu and Lai. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License (CC BY). The use, distribu- 
tion or reproduction in other forums is permitted, provided the original author(s) 
or licensor are credited and that the original publication in this journal is cited, in 
accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



April 2014 I Volume 8 | Article 126 | 20 



